In this study, the microbial characteristics of rainwater in two tanks with different surface-to-volume ratios were investigated and compared to determine how the internal design features of storage tanks affect water quality. The particle and nutrient parameters of the rainwater, including turbidity, suspended solids, total organic carbon, and total phosphate, were lower in Tank 2, which had a surface-to-volume ratio 7.5 times greater than that of Tank 1. In addition, although the rainwater was collected from the same catchment area, the water in Tank 1 had greater numbers of bacteria, and the bacterial communities in the water differed between the two storage tanks. It appears that the differences in the inside surface structures of the rainwater tanks affected the microbial ecosystems.
INTRODUCTION
Recently, rainwater has been considered for use as a water supply option because of increasingly insecure water resources and the necessity for safe water. Although the microbiological quality of stored rainwater has been studied, the results vary depending on the research method employed and the design and maintenance of the facilities being examined (Dillaha & The water quality in rainwater tanks is maintained with the use of such mechanisms as calm inlets, sludge drains, inlet barriers, and baffles (Ryu ) . Krampitz & Holländer () have shown that the presence of biofilm on rainwater tank walls induces higher mortality rates among bacteria. Increasing the surface-to-volume (S/V) ratio in rainwater tanks may affect rainwater quality because this extends the area for biofilm development. However, little research has been conducted on the effects of increasing the S/V ratio of rainwater tanks.
In the study reported here, we investigated and compared the microbiological characteristics of rainwater in two tanks with different S/V ratios to identify how the internal design features of storage tanks affect the microbial quality of rainwater.
MATERIALS AND METHODS

Study sites
The study was conducted using the rainwater management system located at Buddle-gol on the Seoul National University campus, which harvests rainwater from the valley of Mount Gwanak (Figure 1 ). The system has been operating since October 2007, and the stored rainwater is used for garden irrigation, an emergency water supply, and groundwater recharge connected to filtration facilities. Tank 1 was designed as a simple concrete square with a storage volume of 20 m 3 . Tank 2 was assembled from polypropylene units with 95% pore space and has a storage volume of 20 m 3 . The S/V ratio is 2 m À1 in Tank 1 and
Physicochemical characteristics
Water samples were collected for physicochemical monitoring at a depth of 1.3 m from the bottom, around the point of supply in each tank. Three replicate samples were taken on four different occasions between May and August 2010, and the physicochemical properties measured included temperature, electric conductivity (EC), pH, turbidity, dissolved oxygen (DO), suspended solids (SS), total organic carbon (TOC), total nitrogen (TN), and total phosphate (TP).
Viable cell count
The quantification of bacteria was performed using a conventional microbiological culture method. An aliquot of each sample was serially diluted and spread in duplicate on R2A agar plates (DIFCO R2A agar; Becton Dickinson Co., USA). After incubation at 30 W C for 72 h, we counted the colony-forming units (CFUs) of each plate, averaged the numbers, and expressed the results as CFU/mL. Statistical differences among variables were tested for significance using the independent t-test.
PCR-DGGE analysis
Sampling and DNA extraction
The stored rainwater was sampled at a depth of 1.3 m and carried directly to the laboratory in a sterile water bottle. 100 mL of rainwater was passed through a 0.2 μm filter, and genomic DNA was isolated using a water RNA/DNA purification kit (Norgen, Canada), according to the manufacturer's instructions. The DNA concentration was measured with a nanodrop spectrophotometer (ND-1000, Thermo Fisher Scientific).
Polymerase chain reaction (PCR)
The primer pair of EUB 341F-GC and PRUN518R, which are universal primers specific to bacteria, was used (Muyzer et al. ) . PCR was performed with a thermal cycler (GeneAmp PCR System 9700, Perkin Elmer) using h-Taq DNA polymerase (Solgent, Korea) mixed with 2 μL of 10 pmol/μL for each primer and 2 μL of the eluted template DNA. Negative controls were run for each reaction. The PCR conditions are described in Table 1 . Denaturing gradient gel electrophoresis (DGGE) DGGE analysis was performed using a DCode system (BioRad, USA). The gel contained 8% (wt/vol.) polyacrylamide and a series of denaturant concentrations, ranging from 40% to 60% (formamide and urea). The gels were run at 70 V for 11 h in 1× TAE buffer at 60 W C. After electrophoresis, the gels were stained with ethidium bromide in 1× TAE for 15 min and then destained in DDW for 20 min. The DGGE gels were visualized with a UV transilluminator (302 nm) mounted on a digital camera to photograph the gels.
Reamplification of the DGGE bands and sequencing
The DNA bands on the DGGE gels were excised under UV transillumination using sterile scalpels and then soaked in 50 μL of sterile DDW at 4 W C overnight. 2 μL of DNA solution were used for reamplification using the same primer pair without a GC clamp. The reaction conditions for the PCR were the same as those described in Table 1 . The PCR products were purified using a purification kit (AccuPrep PCR purification kit, Bioneer, Korea) and then sequenced using EUB341F in an automatic DNA sequencer (ABI Prism 3730 XL DNA Analyzer, PE Applied Biosystems) at the National Instrumentation Center for Environmental Management at Seoul National University. The DGGE band sequences were compared with 16S rDNA sequences obtained through a BLAST search of the database of the DNA Data Bank of Japan (http://blast. ddbj.nig.ac.jp/top-e.html).
DGGE band analysis
To compare the DGGE band patterns among samples, the similarity between lanes was calculated statistically using the dice coefficient method. The band image was analyzed using commercial software (Quantity One, Bio-Rad).
RESULTS AND DISCUSSION
Physicochemical characteristics
The temperature of the stored rainwater ranged from 14 to 22 W C and the pH was around 6.7. In Tanks 1 and 2, turbidity was 1.4 ± 0.8 nephelometric turbidity units (NTUs) and 0.8 ± 0.4 NTUs, respectively; SS was 1.7 ± 0.9 mg/L and 1.2 ± 1.0 mg/L, respectively; TOC was 1.32 ± 0.71 mg/L and 1.08 ± 0.21 mg/L, respectively; and TP was 0.16 ± 0.20 mg/L and 0.04 ± 0.02 mg/L, respectively. Thus, the particle and nutrient parameters of the rainwater, namely, turbidity, SS, TOC, and TP, in Tank 2 were slightly lower than those in Tank 1 (see Table 2 ). Figure 2 shows the numbers of viable cells in Tanks 1 and 2 after four months of storage. The difference between the two tanks was significant (P < 0.05): the number of viable cells in Tank 1 was twice that in Tank 2 (10,000 CFU/mL vs. 5,000 CFU/mL, respectively). The DGGE profiles show that most of the bacterial species in the stored rainwater were Proteobacteria and related species that lives in fresh water (Zwart et (band no. 10), and Polynucleobacter necessarius subsp. asymbioticus (band no. 11) were identified in the water in both tanks. The similarity between the lanes of DGGE band patterns was calculated to be approximately 0.56, which is relatively low (Table 3 ). This indicates that the different structures inside the tanks had varying levels of impact on microbial composition. In summary, the bacterial counts and composition of the rainwater in the two tanks were different, even though the water came from the same catchment. There were several differences between the two tanks, such as the tank material and S/V ratio. The initial adherence phase for biofilm development is related to the nature of the support. Apilanez et al.
Differences in bacterial count and composition
() noted that the difference in biofilm growth on different surface materials seemed to explain the different weights reached in the initial steps of biofilm formation, because the later specific growth rates were similar for the surface materials tested. The two rainwater tanks in this study have been operating for more than three years, and the impact of material on biofilm development appears to be limited. We can thus conclude that the difference in S/V ratio between the two tanks is the main factor influencing the microbial characteristics of the stored rainwater. It seems that the different internal structures of the tanks affect microbial ecosystems by, for example, increasing biofilm development (Tank 2), and that such development improves the microbial quality of the stored rainwater.
The effects of biofilm and the S/V ratio on the microbial quality of rainwater
The desirable effects of biofilm are evidenced in the activity of biofilms that accumulate in wetlands and in the trickling filters used in wastewater treatment plants. In such cases, the biofilm removes organic matter from the water (Lewandowski & Beyenal ) . The sorptive capacity of biofilm in removing dissolved organic matter and metals has been widely demonstrated in sewage and marine systems (Brown & Lester ; Lion et al. ) . Biofilm development is influenced by the size of the surface area of the container, with a greater surface area leading to the increased attachment of microbes from the surrounding water. In the present study, the greater S/V ratio in Tank 2 compared to that in Tank 1 appeared to affect the microbial quality of the stored rainwater because it extended the area for biofilm development. Although the role and impact of biofilm in relation to the water quality of stored rainwater have not been precisely defined, tank designers should take into account the relation between biofilm development and S/V ratio. In addition, the effects of biofilm should be considered for the operation and maintenance of rainwater tanks.
CONCLUSION
We investigated and compared the microbiological characteristics of rainwater stored in two tanks with different S/V ratios to determine how the internal design features of storage tanks may affect water quality. Levels of turbidity, EC, and organic substances, including TN, TP, and TOC, were lower in the rainwater stored in Tank 2, which had an S/V ratio 7.5 times greater than that of Tank 1. In addition, although the rainwater was harvested from the same catchment area, Tank 1 had higher numbers of bacteria, and the bacterial composition of the stored rainwater differed between the two tanks. Increasing the S/V ratio inside the tank appeared to affect the quality of the stored rainwater, because this extended the area for biofilm development. Although further study of the role of biofilm in rainwater tanks is required, tank design and equipment to increase the biofilm-forming area should be considered, as this can improve the quality of the rainwater stored in tanks.
